Introduction {#s1}
============

Recent publications suggest that damage to small nerve fibres may be the earliest feature of diabetic neuropathy, preceding large fibre involvement [@pone.0069920-Boulton1], [@pone.0069920-Smith1], [@pone.0069920-Krishnan1], [@pone.0069920-Tavakoli1]; however, assessing small fibre structure and function remains a challenge particularly if this is to be achieved non-invasively. Computerised quantitative sensory tests (of heat and cold pain and thermal thresholds are commonly used non-invasive tests but these are limited by their subjective nature [@pone.0069920-Maser1], [@pone.0069920-Shy1], [@pone.0069920-Freeman1]. Indeed, a previous review concludes that there is considerable variability in the reliability of each of these thermal quantitative sensory test parameters [@pone.0069920-Shy1]. Skin biopsy with measurement of intra-epidermal nerve fibre density (IENFD) is an excellent tool; however it is invasive limiting its use in prospective studies. Measurement of corneal nerve fibre density by corneal confocal microscopy shows great promise [@pone.0069920-Tavakoli2]. It has been shown to have good correlation with intraepidermal nerve fibre density. However, both IENFD and corneal confocal microscopy assess structure rather than function and importantly, the latter does not test the affected region directly. Nerve conduction velocity and amplitude studies, are the gold standard clinical tests for diagnosing neuropathy, frequently used in clinical practice as well as endpoints in neuropathy trials. However, these primarily assess large fibres and so cannot be used to exclude small fibre neuropathy in conditions where the neuropathy is limited to small fibres alone.

The LDIflare technique is a novel, non-invasive and objective method for assessing small fibre function in the dorsal foot skin [@pone.0069920-Krishnan1]. It involves foot skin heating and measurement of the area of the resulting axon reflex mediated vasodilatation using laser Doppler imagery. This area we have termed the LDIflare. Though a test of function it correlates with the structural measures of both dermal nerve fibre density and IENFD [@pone.0069920-Green1], [@pone.0069920-Krishnan2]. It is invariably abnormal in those with diabetic neuropathy. Furthermore, it is reduced in early type 2 diabetes and impaired glucose tolerance when quantitative sensory tests of vibration and thermal thresholds are normal, thus, supporting the suggestion that small fibre dysfunction precedes clinical neuropathy [@pone.0069920-Krishnan2].

Previous cross-sectional studies of IENFD have shown a strong inverse relationship with age [@pone.0069920-McArthur1], [@pone.0069920-Umapathi1], [@pone.0069920-Lauria1]. The purpose of this study was to determine whether the same is true for small fibre function assessed using the LDIflare technique and if so would the diagnostic accuracy for neuropathy detection be improved by the use of normative centiles.

Methods {#s2}
=======

1. Ethics Statement {#s2a}
-------------------

All subjects in the study gave written informed consent to participate in the study; ethical approval was obtained from the Essex 1 Ethics Committee. The study was carried out in accordance with the Declaration of Helsinki as revised in 2000.

2. Subjects {#s2b}
-----------

A total of 160 subjects were studied: 94 healthy subjects (52 F/44M) and 66 with diabetes. Healthy volunteers were recruited by advertisement and subjects with diabetes were recruited from those attending the Ipswich Diabetes Center. These included people with both type 1 and type 2 diabetes.

Healthy volunteers (HV) were enlisted to give approximately equal numbers in four age groups, \<30 years, 30--45 years, 45--60 years and \>60 years. Exclusion criteria, which also applied to those with diabetes, included current smoking, dysthyroid tests, known peripheral vascular disease or an abnormal ankle-brachial pressure index (ABPI), alcohol overuse, congestive heart failure, stroke, end-stage renal failure, uncontrolled hypertension or a history of cancer treatment. Subjects were also excluded if they had any current lesions on the foot. All healthy volunteers were free from clinical neuropathy assessed using two validated neuropathy scores - Neuropathy Disability Score (NDS) and the Toronto Clinical Neuropathy Score (TCNS). Glycaemic dsyregulation was excluded using a composite of fasting glucose \<6.0 mmol/L and HbA1c \<6.0% (42 mmol/mol).

Subjects with diabetes were divided into two groups; 1) those without clinical neuropathy (DN-); Neuropathy Disability Score [@pone.0069920-Boulton2] of less than 3, and Toronto Clinical Neuropathy Score of less than 5; and 2) those with clinical neuropathy (DN+); Neuropathy Disability Score ≥3, and Toronto Clinical Neuropathy Score ≥5) [@pone.0069920-Bril1].

All participants were studied at a single institution, by the same investigators at each visit. Neuropathy scores were assessed by GR and LDIflares by PV. In those with diabetes, the examiner testing for LDIflare responses was unaware of the NDS or TCNS score until completion of the patient study.

3. Neuropathy Assessment {#s2c}
------------------------

The Neuropathy Disability Score is a well validated tool to grade the severity of neuropathy based on objective clinical examination findings of qualitative vibration perception, temperature differentiation, pin prick sensation and presence of ankle reflexes [@pone.0069920-Abbott1]. No points are awarded for preserved sensation, but if impaired or absent 1 point is allocated per foot, except for ankle reflexes where 2 points are awarded if absent and 1 point if reflexes are present after distraction thus giving a cumulative maximum total of 10 points. A score of 0--2 was considered normal with scores of 3--5, 6--8, 9--10 indicating mild, moderate and severe neuropathy [@pone.0069920-Tavakoli2]. The Toronto Clinical Neuropathy Score (TCNS) is a grading system to evaluate history and physical examination components that permits stratification of clinical neuropathy into absent, mild, moderate and severe neuropathy and has been validated against morphological criteria of sural nerve fibre density [@pone.0069920-Bril2]. Values of ≥5 signify the presence of clinical neuropathy.

4. Vibration Perception Thresholds Measurements (VPT) {#s2d}
-----------------------------------------------------

All subjects had their VPT measured at the tip of the hallux with a Horwell Neurothesiometer using the method of limits. A minimum of 3 recordings were taken and their average determined.

5. Assessment of the LDIflare {#s2e}
-----------------------------

The methodology for LDIflare technique is published in detail elsewhere [@pone.0069920-Krishnan1], [@pone.0069920-Vas1]. In the current study we used the recently modified technique that produces larger flares with greater reproducibility [@pone.0069920-Vas1]. Briefly, after acclimatisation in a temperature-controlled room (25±1°C) and after the temperature of both the dorsum of the foot and the hallux exceeds 30°C a circular heating probe of 1 cm^2^ area is applied to the dorsum of the foot approximately 2--3 cm proximal to the first and second metatarsal heads. The skin is then heated for 6 min in a stepwise fashion starting at 44°C for 2 min, 46°C for 1 min and finally 47°C for 3 min using. After heating, the area is immediately scanned using an LDI (Moor Instruments, Axminster, UK). The flare area, identified on the computer as the area with hyperaemic response \>300 perfusion units (PU) is measured using Moor V 5.3 software. The size of the LDIflare depends on C-fibre function and the underlying skin small fibre neural network and extent of interconnections.

6. Calculation of the Rate of Decline {#s2f}
-------------------------------------

The subject range was between 20 and 79 years, thus spanning six decades. The percentage difference between the 50^th^ centile of the youngest and oldest group was divided by a factor of 6, covering the six decades, to establish the percentage rate of decline per decade using the formula:

Percentage rate of decline in Flare area per decade:

* = \[1−(Median flare area in Oldest group/Median Flare area in youngest group)×100\]/Number of decades*.

This assumes a linear pattern of change which is apparent in the centile charts.

Statistical Analysis {#s2g}
--------------------

Data are presented as means ± SD. Variables were compared by ANOVA. Centile charts were determined in healthy volunteers using the simple empirical centiles method described by Wright and Royston [@pone.0069920-Wright1]. Clinical neuropathy was diagnosed by a NDS of ≥3 and a TCNS of ≥5, from which the sensitivity and specificity of the LDIflare for detecting neuropathy, was determined by two different analytical methods:

1.  Method A- That based on the age specific 5th centile values as the cut-off

2.  Method B- That based on receiver operator characteristic curve (ROC) analysis which is a graphical plot of sensitivity on the Y axis against 1- Specificity [@pone.0069920-Bewick1]. Statistical analysis was performed using SPSS (version 17.0; SPSS,Chicago, IL).

Results {#s3}
=======

Baseline characteristics of the two groups are detailed in [Table 1](#pone-0069920-t001){ref-type="table"}.

10.1371/journal.pone.0069920.t001

###### Baseline characteristics.

![](pone.0069920.t001){#pone-0069920-t001-1}

                                 HC         DN−         DN+                    'p' for trend
  -------------------------- ----------- ---------- ----------- --------------------------------------------
  Number of subjects             94          35         31      
  Sex (F/M)                     49/45      18/17       9/22      p = 0.046[\*](#nt102){ref-type="table-fn"}
  Age                         44.5±16.4   54.1±9.0   56.8±14.6                    p\<0.01
  DiabetesDuration (years)        0       7.6±7.5     8.0±4.5                     p = 0.36
  Diabetes (T1/T2)                0        20/15       11/20    
  VPT (Volts)                  6.9±3.8    10.1±1.4   22.7±10.7                    p\<0.001
  NDS (max 10)                 0.3±0.5    0.2±0.6     6.3±1.5                    p\<0.0001
  TCNS (max 19)                0.4±1.0    0.7±1.0     7.3±2.6                    p\<0.0001
  LDIflare (cm^2^)             9.2±2.9    6.9±2.7     2.7±0.9                    p\<0.0001

Values are means±SD.

Chi-square test for categorical variable, rest ANOVA. HC = healthy controls, DN**−** = Diabetes without neuropathy and DN+ = Diabetes with neuropathy.

1. Healthy Volunteers {#s3a}
---------------------

There was a significant age dependant decrease in LDIflare size (r = −0.42, p\<0.0001) with a rate of decline of 0.56 cm^2^ per decade giving a percentage loss of 5.5% per decade, [Figure 1](#pone-0069920-g001){ref-type="fig"}. Females had larger mean LDIflares than males (9.4±2.9 v 8.8±2.7 cm^2^), however this gender difference was not statistically significant (p = 0.22). The calculated 5th centiles for the youngest and oldest group were 8.4 cm^2^ and 4.1 cm^2^ respectively, [Table 2](#pone-0069920-t002){ref-type="table"}. No relationship was observed with height, weight, BMI, VPT, HbA1C, or Total Cholesterol within the healthy volunteer group (not shown).

![Relationship of the LDIflare (cm^2^) to age (years), r = −0.42, P\<0.0001.\
**The lines above and below the trendline describe the 95^th^ and 5^th^ centiles respectively.**](pone.0069920.g001){#pone-0069920-g001}

10.1371/journal.pone.0069920.t002

###### Centile charts derived from 94 healthy controls divided into 4 age groups.

![](pone.0069920.t002){#pone-0069920-t002-2}

  LDIflare (cm^2^)    Under 30 Years   30--45Years   45--60Years   Over 60Years
  ------------------ ---------------- ------------- ------------- --------------
  5th Centile              8.41           5.38          4.37           4.06
  25^th^ Centile           9.27           8.79          6.28           5.56
  50^th^ Centile          10.11           10.13         9.27           6.77
  75^th^ Centile          13.11           11.79         11.48          8.13
  95^th^ Centile          14.26           13.05         13.47         10.54

Centile charts derived from 94 healthy controls divided into 4 age groups.

2. Diabetes Groups {#s3b}
------------------

The DN+ group did not differ significantly from the DN- group in age (56.8±14.6 v 54.1±9.0 years, p = 0.19), or diabetes duration (8.00±4.51 v 7.55±7.47 percent, p = 0.77); however as expected vibration perception thresholds (22.7±10.7 v 10.1±1.4 Volts, p\<0.001), Neuropathy Disability Score scores (6.33±1.5 v 0.67±0.9, p\<0.001) and Toronto Clinical Neuropathy Score scores 7.32±2.61 v 0.66±0.98, p\<0.0001) were significantly higher in the neuropathic group. The average ages of the diabetic groups were significantly greater than the HV group (54.1±9.0 for DN- and 56.8±14.6 for DN+, v 44.5±16.4 years, p\<0.01). The LDIflare values were significantly lower in the DN+ group compared to DN- group (2.7±0.9 v 6.87±2.7 cm^2,^ p\<0.0001), [Figure 2](#pone-0069920-g002){ref-type="fig"}.

![LDIflare relationship between the 3 groups.\
Green dots are the healthy controls (HC, flare area 9.2±2.9 cm^2^), amber dots are subjects with Diabetes but without clinical neuropathy (DN-, 6.9±2.79 cm^2^) and red dots the subjects with diabetes and clinical neuropathy (DN+, 2.7±0.9 cm^2^).](pone.0069920.g002){#pone-0069920-g002}

Sensitivities and Specificities Using the Two Methods {#s3c}
-----------------------------------------------------

### Method A {#s3c1}

ROC analysis suggested an optimal cut-off threshold of 3.66 cm^2^ for the detection of clinical neuropathy, giving a sensitivity of 75% and specificity of 85%, with a Positive Predictive value (PPV) of 74% and a Negative Predictive value of (NPV) 86% ([Table 3](#pone-0069920-t003){ref-type="table"}).

10.1371/journal.pone.0069920.t003

###### Operating characteristics between the Method A and Method B.

![](pone.0069920.t003){#pone-0069920-t003-3}

                                              Sensitivity   Specificity   PPV   NPV
  ------------------------------------------ ------------- ------------- ----- -----
  LDIflare with ROC threshold of \<3.6 cm2        75%           85%       74%   86%
  Using age-specificcut off values                77%           90%       82%   87%

PPV, Positive Predictive Value; NPV, Negative predictive value.

Operating characteristics between the Method A and Method B.

### Method B {#s3c2}

Using the 5% centile cut offs, the sensitivity was 77%, similar to that of method A but the specificity was better at 90%. The PPV was 82% and NPV 87%. ([Table 3](#pone-0069920-t003){ref-type="table"}).

Conclusions {#s3d}
-----------

This study demonstrates a significant age related reduction in small fibre function in the healthy population and is in keeping with findings of other studies of both small fibre structure [@pone.0069920-Lauria1], [@pone.0069920-Bakkers1] and function [@pone.0069920-Bravenboer1]. The scatter plot of the individual results against age in our study is remarkably similar to those in two large studies for IENFD [@pone.0069920-Umapathi1], [@pone.0069920-Lauria1]. Based on the tables given in these papers we are able to calculate the rate of loss of IENFD. From the worldwide normative reference study by Lauria, we calculate a fibre loss of approximately 0.9 fibres/mm per decade for combined sexes giving a 6 percent loss per decade. In the Umapathi study where fibre density was higher due to a different method used to calculate density, fibre loss was approximately 1.8 fibres/mm, but the percent decline was similar at 5.5 percent per decade. The reduction in LDIflare size of 0.56 cm^2^ per decade, is also remarkably similar at 5.5% decline per decade. Thus, it would appear that in healthy adults structural and functional loss parallel each other. However, the same may not be true in neuropathic states; further studies are required to determine this. Studying the rate of decline of nerve function against other biomarkers in disease states such as diabetes may help identify determinants of accelerated fibre loss. The advantage of the LDIflare technique over IENFD is that it is non invasive, causes no skin lesions and is therefore readily repeatable making it very suitable to examine rate of progression in longitudinal follow up studies.

Both analytic techniques demonstrate excellent operating characteristics for the LDIflare method in detecting individuals with clinical neuropathy, albeit the tests used to diagnose neuropathy in this study are largely based on large fibre abnormalities. Gibbons et al have determined the sensitivities and specificities of 26 different techniques used to diagnose neuropathy against the clinical diagnosis of neuropathy determined using the NDS score and analysed by the ROC method [@pone.0069920-Gibbons1]. They found large variations in sensitivities and specificities, from 35 to 89% for the former and 39 to 78% for the latter. Tests with high sensitivities not infrequently had low specificities and vice versa. Overall, peroneal nerve amplitude performed best with a sensitivity of 73% and specificity of 78%. The LDIflare technique exceeds both these using either of the two analytical techniques we employed. However, the analysis based on age centiles showed greater specificity and hence a stronger positive predictive value. The use of the centile chart increases the diagnostic power for an individual and is readily apparent in the example of a twenty year old with a LDIflare value of 6 cm^2^, well above the ROC cut-off of 3.66 but well below the 5^th^ centile for age.

The sensitivities and specificities we report for the LDIflare method have to be considered in relation to the significantly lower results reported by Nabavi Nouri et al [@pone.0069920-NabaviNouri1]. Using the 'England' as well as 'sural nerve' criteria for the diagnosis of neuropathy they reported sensitivities for the LDIflare technique of between 66% and 79% and specificities of between 60% and 70%. However, their mean LDIflare size for the normal group was only 3.4 cm^2^, considerably less than the 5.7 cm^2^ we reported for a similar age group using the same and earlier method we originally described [@pone.0069920-Green2]. It was also lower than the mean values we reported for older groups of normal subjects, in three different studies; 4.4 cm^2^, 5.2 cm^2^ [@pone.0069920-Krishnan1], [@pone.0069920-Krishnan2] and 5.2 cm^2^ [@pone.0069920-Green3]. The reliability of a test will depend on its reproducibility. In our studies this varied between 11--13% (coefficient of variation). We are unaware of reproducibility figures from the above investigators. It is therefore possible that the less favourable operating characteristics may be down to technical differences in the application of the method. Furthermore, it should be noted that in the current study we have used a newer method employing a higher temperature. This gives consistently larger flares than the previous method. Finally, Ebadi et al, from the same unit, studied patients with symptoms suggestive of small fibre neuropathy, arbitrary dividing them into a small fibre sensory neuropathic (SFSN) group based on an IENFD of below 5.4 fibres/mm and a 'normal' but symptomatic group in which the IENFD was above 5.4 fibres/mm [@pone.0069920-Ebadi1]. The LDIflares in the 'normal' symptomatic group were not significantly different (2.3±1.2 v 2.1±1.1 cm^2^) from those in the SFSN group with a resulting sensitivity of only 54% and a specificity of 54% in detecting small fibre neuropathy. However, compared with mean of the true healthy volunteers (3.4±1.9 cm^2^) in the previously mentioned Nabavi Nour paper, both groups have very small LDIflare results suggesting that both have small fibre dysfunction. Thus, the so called 'normal' group's neuropathic symptoms may be the result of small fibre dysfunctional in the presence of normal small fibre density. It may therefore, be misleading to derive the sensitivities and specificities of a test for detection of small fibre neuropathy based solely on INEFD. Indeed if based on symptoms only the LDIflare may have revealed very high operating characteristics.

To date corneal confocal microscopy studies have shown good sensitivities (range 60--91%) and specificities (range 45%--79%) in detecting clinical neuropathy (NDS ≥3) using the ROC analytical method, and also progressive reduction in corneal fibre structural features with progressive neuropathy [@pone.0069920-Tavakoli2]. The use of centile based analysis may also improve the operating characteristics of corneal confocal microscopy in detecting neuropathy.

A limitation of this study is using composite clinical scores to diagnose neuropathy as these that mainly relate to large fibre neuropathy. It could be argued that it would have been useful to have performed quantitative sensory testing as studies have shown it to be a objective measure [@pone.0069920-Rolke1], [@pone.0069920-Blankenburg1] but in our previous studies we found these time consuming and not as helpful as expected, perhaps due to their subjective nature [@pone.0069920-Shy1]. Ideally, it would have been useful to have included electrophysiological assessments, corneal confocal microscopy and IENFD. We would encourage future studies to include all such methodologies.

In summary, we have demonstrated for the first time, a decline of nerve function in a normal population and have also derived normative charts. We have also shown that the use of such centile charts improves the sensitivities and specificities for the diagnosis of clinical neuropathy. To investigate the aetiopathogenesis of various neuropathies requires a test that ideally detects its earliest stages, is non invasive, quantifiable, can follow temporal changes in response to changes in the disease process, and can be potentially linked pathogenetic biomarkers and therapeutic interventions. Furthermore, it needs to have high sensitivity, specificity and reproducibility. We believe the LDIflare has these attributes.
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